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High- Temperature Measurements 


AS in other fields of research, progress in the high- 
temperature program of the National Bureau of 
Standards has depended largely on the development of 
suitable instrumentation. In response to needs in 
critical areas of technology and in fundamental physics 
and chemistry, improvements have been made in many 
of the methods for measuring and generating high tem- 
peratures and for determining physic ‘al and chemical 
properties of materials at those temperatures. 

The basic instruments for measuring temperatures 
above 1,.000°C are the optical pyrometers that are cali- 
brated at the Bureau by comparison with its standard 
pyrometer. This, in turn, is calibrated by observing 
a blackbody maintained at the freezing point of gold 
(1,063°C), one of the primary fixed points on the 
International Temperature Scale. The Bureau is also 
responsible for improving the accuracy of this scale; a 
recent development is a photoelectric pyrometer that 
eliminates personal error in making the brightness 
match that is part of the pyrometer procedure. 

\lthough the processes taking place. for example, in 
the combustion chamber of a rocket engine must often 


HIGH-TEMPERATURE 


be studied under actual operating conditions, the use 
of such a source of heat for laboratory investigations 
of fundamental properties of materials is generally 
ruled out by difficulties in controlling the temperature 
and in isolating the process studied from the effects of 
extraneous reactions. Instead, various other types of 
heat source have been developed 
furnaces, resistance and induction electric furnaces 

each with its particular advantages for special kinds 
of high-temperature research. Improvements in design 
or method of use have been made in nearly all of these 


electric ares, solar 


dev ices. 

Considerable progress has also been made in develop- 
instrumentation for measuring 
crystallographic, thermodynamic, and chemical prop- 
erties of materials at elevated temperatures. Included 
are instruments used in investigations of inversions and 
phase transitions by differential thermal and thermo- 
gravimetric analysis. in X-ray diffraction studies of 
crystal structure and its changes at high temperatures, 
in observation of gas-solid reactions by time-lapse 


ing or improving 


photography, and in measurement of liquid viscosity. 


WVEASUREMENTS ISSUE 


The second of two consecutive issues devoted to high-temperature research, this 


issue contains articles relating to measurement problems at high temperatures. The 


June issue dealt with high-temperature structure, properties, and processes. 
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Photoelectric Pyrometer 


During the past year the high-temperature measure- 
ments laboratory constructed a photoelectric pyrom- 
eter | that is expected to replace the presently used dis- 
appearing-filament optical pyrometer for measuring 
temperatures above 1.000° C. 
tem and disappearing-filament principle are retained. 
but the brightness of the test body is compared with 
that of the pyrometer lamp photoelectrically rather 
Early tests of the photoelectric device 


The basic optical sys- 


than visually. ' 
show a substantial gain in precision. 

The instrument consists of a telescope with a 2.5-in. 
objective lens that is sighted on the test object whose 
temperature is to be measured. A lamp with a single 
horizontal filament stands inside the telescope on the 
opite axis, and the image of the test object is focused 
in the plane of the filament. An eyepiece lens then 
forms an image of the filament superimposed on the 
image of the test object. To the eye, the filament 





Measuring the temperature of a lamp (right) with the 
photoelectric pyrometer recently designed and con- 
structed by the Bureau for temperatures above 1,000° C,. 


can be made to disappear against the background of 
light from the test object by suitably adjusting the cur- 
The relation between current, 
brightness, and temperature of the filament is de- 
termined from observations on a blackbody at the gold 


rent in the filament. 


point (1,063° C) and calculations based on the funda- 
mental laws of radiation. 

In order to replace the visual judgment of equality 
of brightness by a photoelectric determination, a dia- 
phragm with a horizontal slit is set in the image plane 
of the eyepiece lens and a photomultiplier tube behind 
the slit measures the intensity of the light passing 
through. A rectangular block of glass, with optically 
flat faces and about 1 in. thick, is placed in front of 
the slit and made to rotate slowly. This causes the 
image (filament against background of test object) to 
move past the slit, so that successive portions of the 
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image are scanned by the photomultiplier tube. If 
there is no variation in brightness as the image: j 
scanned, no change in photomultiplier current js 
observed, 

In this way a precision of 0.1° C is attainable wien 
observing a blackbody at 1,100° C. An interfere ice 
filter with a bandpass of roughly 50 A (angstro;is) 
can be placed before the slit to make the instrument 
approximately monochromatic; most tests have heen 
made in this manner, in the vicinity of 6500 A, 


8 


The detector is a commercially manufactured ex- 
perimental photomultiplier tube using the recently <dis- 
covered multi-alkali metal cathode which has an ex- 
tremely high quantum efficiency (ranging from 19°; at 
1200 A to 4% at 6500 A). The cathode consists of a 
mixture of all five of the alkali metals, and the reason 
for its unusual effectiveness is not definitely known. 





Hot-wire furnace (seen through magnifying glass) in ap- 
paratus for growing small erystals at high temperatures. 


Electric Furnaces 


Though other methods of generating high tempera- 
tures have been developed (e. g., solar furnaces, electric 
arcs, high-velocity gases), the electric furnace—tre- 
sistance or induction—continues as a major research 
tool for temperatures as high as 3,000° K. In the Bu- 
reau’s high-temperature program a very large number 
To meet the re- 
quirements of advanced research, many of these have 


of electric furnaces are employed. 


been adapted to new experimental techniques and im- 
proved designs have been developed that extend the 
upper limit of temperature attainable or produce more 
uniform and accurately determined temperatures. 
For investigations in air or other oxidizing atmos- 
pheres, conventional wire-wound resistance furnaces are 
restricted to a maximum of 1,900° K, the highest tem- 
perature at which platinum can be used with any de- 
pendability. This upper limit is increased to 2,300° K 
in the thoria (thorium oxide) resistance furnace devel- 
oped by the Bureau.? In this furnace, the thoria heat- 
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Crystal growth at 1,400° C is observed through a 
microscope. 


ng elements contain a small amount of cerium oxide to 
increase their conductance. The conductance is still so 
low at moderate temperatures that it is necessary to 
preheat the thoria with auxiliary heaters to 1,200° K, 
at which temperature, however, the resistance is re- 
duced sufficiently for the thoria to carry its own heating 
current. Because of its large capacity and its appli- 
cability to work under oxidizing conditions. the thoria 
furnace has been particularly useful in determining 
melting points, coefficients of thermal expansion, and 
phase equilibrium relationships of refractory materials. 

Temperatures above 1,900° K are usually obtained 
with molybdenum, tungsten, tantalum, and graphite 
heating elements. These substances must be protected 
against oxidation by a neutral or reducing atmosphere, 
and this se sriously restricts the atmospheric conditions 
in which investigations can be undertaken. Neverthe- 
less, within these conditions, the Bureau has many in- 
ductive and resistance furnaces capable of reaching 
3,000° K and higher. 

One such furnace, capable of attaining 3,300° K, in- 
corporates a hydraulic press for applying pressures of 
several thousand pounds per square inch to small sam- 
ples.’ The heating element is a long graphite tube 
which is operated in a protective atmosphere of helium 
or argon. For thermal insulation, the graphite tube 
is embedded in carbon black and the assembly is sealed 
to prevent seepage of gas when the hydraulic press is 
used. Refractory samples to be studied under pressure 
are encased in graphite molds (dies) and mounted in- 
side the heater tube which is held vertically between the 
plates of the press. Under pressure, powdered samples 
can be formed into dense, predetermined shapes: with- 
out pressure, a large number of phase equilibria and 
rates of reaction among mineralogical and metallurgical 
materials can be studied. 

\mong other special-purpose furnaces are a crystal- 
growing apparatus using a hot-wire type of furnace, 
and a high-temperature centrifuge.t The first of these 
was developed as a result of unsuccessful attempts to 
make crystals of tricalcium aluminate for X-ray dif- 
fraction by conventional methods. It was concluded 


July 1958 


that crystals of the desired small size could best be 
grown from a relatively small volume of melt. The 
crystals are propagated at the point of a V-shaped 
loop of fine platinum-rhodium wire mounted under a 
stereoscopic microscope. As crystallization progresses, 
the temperature within the droplet of melt can be 
measured continuously and the crystal growth visu- 
ally observed. 

The apparatus for high-temperature centrifugation 
of refractories consists of a platinum-wound vertical 
tube furnace below which is mounted a motor designed 
to turn at 17,000 rpm. The device maintains samples 
at 1.850° K in a centrifugal field several hundred times 
that of gravity. 


Solar Furnace 


One of the more recent additions to the Bureau’s 
high-temperature research facilities is a solar furnace, 
a device that concentrates the rays of the sun onto a 
small area where materials can be raised to tempera- 





— 
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Cut-away drawing of graphite-tube resistance furnace 
incorporrating a hydraulic press. 1, Upper platen of 
press: 2, press carriage and rail; 3, upper brass water- 
cooled terminal; 4, copper water-tube inlet and bus bar 
(outlet and bus terminal not shown): 5, zircon sand ex- 
pansion seal; 6, flange for asbestos seal; 7, 3-in.-diam 
graphite tube heater element; 8, graphite sighting tube; 
9, inert gas inlet: 10, pyrometer support; II, lucite 
window: F lower water-cooled terminal; 13, transite 
insulator: 14, lower platen of press: 15, hydraulic band 
pump: ié. hydraulic ram: and 17, carbon powder 
insulation. 
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tures up to 3,500° C, or about two-thirds the tempera- 
ture of the sun’s surface. Thus far it has been used 
principally for studies on the vaporization of refrac- 
tories—materials that can withstand prolonged expo- 
sure to high temperatures. Experiments are also being 
conducted on the use of the solar furnace for the zone- 
melting method of refining oxides of zirconium, tho- 
rium, and uranium. Eventually it may be possible to 
grow single crystals of these and similar materials for 
laboratory studies. 

For studies of refractories, the tungsten arc, carbon 
resistor, and electric induction furnaces have the draw- 
back that the electrodes. resistors. or crucibles contam- 
inate the reaction and thus lead to confused results. 
Because of its “clean” source of heat. the solar furnace 
avoids these difficulties. 


In studying the vaporization 





Parabolic mirror of solar furnace. Near center of mir- 
ror is a reduced, inverted image of the 8-ft-square helio- 
stat mirror that is driven by motor so it constantly 
reflects sunlight into the fixed parabolic mirror. Photo- 
cell assembly that controls motor is at bottom left. 


of refractories the materials can be evaporated di- 
rectly from a hot spot of known diameter (0.25 in.) to 
the cool surface of the glass bulb containing the speci- 
men. Furthermore, the atmosphere over the hot spot 
can be changed without introducing unwanted reac- 
tions. On the other hand, there is serious difficulty 
in accurately measuring the temperature. 

The Bureau's solar furnace was converted from a 
surplus Army searchlight with a parabolic mirror 5 ft 
in diameter. The spherical glass around the specimen 
is placed so that the latter is at the focus of the mirror: 
the glass itself remains cool because the image of the 
sun is unfocused where the light passes through. 
Light from the sun is first caught by a heliostat, a 
motor-driven 8-ft-square plane mirror; by means of an 
electronic control circuit cuided by photocells, the 
plane mirror is turned so that it follows the apparent 
motion of the sun across the sky and constantly reflects 
the light towards the fixed parabolic mirror. , 
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Klectric Ares 


The highest sustainable temperatures available in 
the laboratory are those within the core of elect ic 
arcs—values as high as 50,000° K have been reported. 
One of the newer Bureau programs, sponsored by ‘ie 
\ir Research and Development Command, is inves'i- 
gating the processes that take place within such arcs in 
order to obtain data on chemical equilibria and ther- 
modynamic properties of gases at high temperatures, 
The work thus far has de alt primarily with arcs of 40- 
to 200-amp current which yield temperatures from 
10,000° to 20,000° K and can be operated steadily for 
periods of 10 min or more. 

In spite of the very complicated detailed mechanism 
for the conduction of current and heat in an are, the 
gas actually exhibits local thermodynamic equilibrium 
everywhere except in the imme diate vicinity of the 
electrode surfaces. As a result, it is possible to cal- 
culate the gas temperatures in the usual sense of the 
word from gas compositions as determined by spectro- 
eraphic measurements. Given a complete set of data 
of this kind over the range of temperatures found i 





Electric arc apparatus for studying processes in gases 
at temperatures up to 10,000° C. Scientist is lowering 
the upper electrode to initiate the arc. 


the cross section of an electric arc, one can then cal- 
ome many important thermodynamic quantities for 

vaseous mixtures at the high temperatures of the are. 

Up to the present the work has consisted mainly i 
the saceaiiean of temperature profiles of arcs in 
simple pure gases. It is planned next to introduce 
various solid, liquid, and gaseous materials into the 
ares and to study the resulting chemical equilibria by 
means of composition and temperature measurements. 
It is further planned to obtain transport properties 
such as diffusion coefficients and thermal and electrical 
conductivities of gases at the high temperatures pre- 
vailing within the arc from data on temperature, com- 
position, current, and voltage. These transport data 
should give some insight into the effective laws of force 
between particles in excited energy states. 
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Experimental electric are generator for high-tempera- 
ture research. 


Differential Thermal Analysis and 
Thermogravimetric Analysis 


Some reactions in solids at high temperatures can 
be studied by quenching. or cooling very rapidly, to 
room temperature. and then studying the nature and 
extent of the reaction in the cooled sample. However, 
for substances in which reversible transitions or phase 
changes occur, or in which reactions occur on cooling 
that cause the sample to disintegrate, the quenching 
method cannot be used. In such cases the desired 
information may be obtained by the method of differ- 
ential thermal analysis. In principle, this consists in 
heating the sample at a carefully controlled rate and 
observing the slight deviations from the impressed 
heating rate due to reactions that absorb or evolve heat. 
Information about the reactions taking place can then 
be obtained from the known relations that connect the 
temperature distribution in the reacting sample, reac- 
tion rate, heat of reaction, and thermal diffusivity of 
the sample. This method has been used to study re- 
versible transitions in solid solutions of the divalent 
carbonates at elevated temperatures. It has also been 
applied to oxide systems and mineral polymorphism. 

If a gaseous phase is involved in a solid-state reac- 
tion, the sample weight changes as the reaction pro- 
ceeds. To study reactions of this type, an apparatus 
for automatically recording weight changes as a func- 
tion of time and temperature has been developed. 
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Although limited to a maximum temperature of 
1.250°C, this apparatus has been extensively employed 
in studies of the high-temperature behavior of natural 
and synthetic minerals—oxides, 
phates, and others. 

The thermogravimetric apparatus is basically a con- 
ventional laboratory balance modified so that changes 
of weight are balanced by adjustment of a magnetizing 
current. The balancing force results from the inter- 
action of the magnetic field of a solenoid with the field 
of a permanent bar magnet suspended, inside the sole- 
noid, from one side of the balance. Automatic balane- 
ing is achieved by means of a photoelectric sensing 
arrangement in which a beam of light is reflected to a 
dual phototube from a mirror mounted on the balance 
beam. The two sections of the phototube are connected 
in a bridge circuit, the output of which is amplified 
and applied to the solenoid. Any change in weight 
tending to produce unbalance is promptly counteracted 
by whatever change of solenoid current is needed to 


carbonates, phos- 
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Pictorial diagram of apparatus for simultaneous thermo- 
gravimetric and differential thermal analysis of materials 
subjected to high temperatures. 


maintain balance (within a small fraction of a division 
of the balance scale). An electronic damping circuit 
eliminates oscillations and enables the electrical output 
of the instrument to follow faithfully very rapid changes 
of weight. 

Because of the special advantages of combining the 
results of thermogravimetric analysis with those of 
differential thermal analysis. the two sets of equip- 
ment have been fitted into a unified arrangement. The 
output is on a single recording chart which simulta- 
neously exhibits three quantities plotted against time— 
temperature, change in weight, and the differential 
temperature. 


X-ray Diffraction Studies 


X-ray diffraction is the principal technique for ob- 
taining detailed information about the arrangement of 
atoms in a solid. No two compounds have atoms of 
the same size arranged in the same way, so that the X-ray 
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diffraction pattern of each compound is characteristic 
of that compound alone. The spacing between layers 
of atoms can be measured with an accuracy of | part in 
10,000 and there is hardly a change. either in — 
sition or spatial arrangement, that is too subtle to be 
detected, 

Thus, by observing the X-ray diffraction pattern of 
a sample while heating it in a furnace, information is 
obtained that is usefulfor: (1) Identifying the crystal- 
line phases by comparing with patterns of known 
phases; (2) detecting changes in phase caused by heat 
or chemical reaction; (3) measuring the very slight 
changes in spacing between planes of atoms caused by 
changes in composition (solid solution formation), 
thermal expansion, or mechanical stress; and (4) de- 
termining the exact arrangement and spacing of the 
atoms at each temperature. 

In 1946, very soon after Geiger-counter equipment 
for detecting diffraction patterns was introduced. the 
Bureau developed a high-temperature attachment that 
permits nearly continuous observation of the X-ray 





Apparatus for X-ray diffraction studies at high tempera- 


ture. 1, X-ray source; 2, X-ray detector (rotates «bout 
horizontal axis) ; 3, furnace containing specimen; 4, dif- 
fusion pump; 5, mechanical vacuum pump; 6, X-ray 
diffraction pattern’ recorder; and 7, temperature 
controller. See diagram of furnace, top right of page. 


pattern while the temperature or atmosphere of the 
sample is being varied.”. With the new equipment and 
the high-temperature attachment, studies that formerly 
required a week can be made in a day: and transient 
effects too rapid to be followed by successive photo- 
graphic exposures (the method previously used) can be 
studied by scanning a portion of the pattern as fre- 
quently as every 2 min. Melting. volatilization, chemi- 
cal reactions, or deposition from the vapor phase can be 
observed conveniently by scanning back and forth over 
a single diffraction maximum characteristic of the 
phase of interest. 
One series of Bureau studies utilizing these techniques 
began with a study of the oxides of manganese. This 
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Section through high-temperature furnzce for X-ray dif- 
fraction studies. The X-ray opening extends around the 
specimen through an angle of about 180°; opposite the 
opening, in the outer wall, is a beryllium strip (not 
shown) which is vacuum tight but transparent to X-rays. 


work was part of a study of fundamental factors affect- 
ing the performance of dry batteries. Studies of manga- 
nese oxides were then extended to include solid solutions 
of Fe,O, and Mn,O,. In another investigation the 
thermal decomposition of carbonates heated in various 
atmospheres was studied with the X-ray furnace and the 
results were correlated with data obtained by thermo- 
gravimetric analysis. 

More recently, in a project sponsored by Wright Air 
Development Center, improved apparatus for accurate 
measurement of lattice parameters was designed and 
has been used to measure the thermal expansion of 
number of materials being considered for high-tem- 
perature applications.” The use of the X-ray method 
for this purpose has the advantage of requiring only 2 
or 3 g of powdered material. From such a sample, 
accurate measurements of the thermal expansion in 

various directions in the crystal can be obtained. The 
type of apparatus employed in these studies, with the 
design improvements deve bail by the Bureau, is now 
being used in many other laboratories where high- 
temperature work is done. 


* Photoelectric pyrometer, summary of paper by C. D 
Johnson, Jr. presented at 42d annual meeting of the 
Optical Society of America, J. Opt. Soc. Am. 47, 1058 
(1957). 

“Construction and operation of thoria-resistor-type 
furnaces, by S. L. Lang and R. F. Geller, J. Am. Ceram. 
Soc. 34, 193 (1951). 

Two resistance-type hot-pressing furnaces for labora 
tory use, by R. F. Walker and S. G. Bauer, Rev. Sci. 
Instr. 28, 563 (1957). 

*Both of these are described in New techniques for 
new approaches to cement chemistry, by F. Ordway and 
T. F. Newkirk, Ceram. Age 58, 28 (Nov. 1951). 

* High-temperature X-ray diffraction apparatus, by A. 
Van Valkenburg Jr. and H. F. McMurdie, J. Research 
VBS 38, 415 (1947) RP1782. 

° Thermal expansion of cermet components by high- 
temperature X-ray diffraction, Wright Air Development 
Center Technical Report 55-473 (1955); a supplement 
to this is now in press. 


NBS Technical News Bulletin 


| 


me 


oc 


In 
ob 
ch 


ac 


te! 
for 
cal 


ch 





‘lif. 
the 
the 

(not 
‘ays. 


fect- 
Ne a- 
ions 

the 
ie US 
| the 


mo- 


Air 
irate 
and 
ota 
tem- 
thod 
ly 2 
nple, 
n in 
The 
1 the 
how 
vigh- 


!) 
he 


pe 


mn. 


or 


nd 


h- 
nt 
nt 


il/etin 





Knergy Distributions and Temperature 


Determinations 


| ‘HE Bureau is conducting a program of basic re- 
search, sponsored by the Air Research and Develop- 
ment Command. on the physic ‘al and chemical processes 
occurring in flames and other high-temperature gases. 
In this work spectroscopic methods are employed to 
observe hot gases in both flames and electrical dis- 
charges. The data thus obtained are proving useful 
not only in reaching a better understanding of the 


combustion process but also in the development of 


accurate spectroscopic methods for measuring high 
temperatures. In addition, the program provides in- 
formation on atoms and free radicals which is appli- 
cable to upper-atmosphere chemistry and physics. and 
chemical kinetics. 

When present methods of temperature measurement 
are applied to certain systems of hot gases, several 
diflerent temperatures are obtained. These tempera- 
tures must be related to the Thermodynamic or Inter- 
national Temperature Scales before valid thermody- 
namic calculations are possible. Detailed spectroscopic 
studies on well-controlled systems are thus needed to 
provide the basic information required in this area. 

In measuring flame temperatures spectroscopically, 
molecular distributions are calculated from observed 
spectral intensities and compared with distributions 
predicted theoretically for certain temperatures. For 
tl distribution calculations, the relative intensities of 
a group of related spectral lines emitted or absorbed 
by the flame are first measured. Then, from these 
relative intensity values and the known values for the 
probabilities of emission or absorption of radiation. 
the numbers of molecules in the various energy levels 
giving rise to spectral lines are determined. 





Apparatus used in spectroscopic studies of the tempera- 
ture and composition of flames. This work is part of 
a search for fundamental information on the nature of 
combustion. 
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in Flames 


The experimentally observed distribution may also 
be compared with distributions predicted theoretic res 
for a range of equilibrium temperature values. If ¢ 
certain temperature can be found that has a deat 
cal distribution agreeing with the observed one, then 
this is the temperature associated with the levels under 
study; or when the flame is substantially in equilib- 
rium, this temperature is the temperature of the flame 
as a whole. However, the observed distribution does 
not always correspond to any temperature value. Even 
if it does. a parallel investigation of another group of 





Spectroscopic measurements of radiation temperature 
included studies of flames similar to this acetylene- 
oxygen flame on a 64-mm-diam burner at 2 mm of Hg 
pressure. 


energy levels in the same system may give a different 
temperature. 

In using the observed distribution of molecules in 
the possible energy states to study rate processes and 
equilibrium conditions, three general types of behavior 
are found. Essentially they ‘differ in the amount of 
interaction, or coupling. between the various groups 
of energy states in the system being observed. Ex- 
amples of each type are discussed be low. 


Strong Interaction 


The simplest case is complete equilibrium. Here all 
the observed energy levels correspond to the same 
temperature so that the measurements constitute a re- 
liable temperature determination. An example of this 
situation is a recent investigation of the emission spec- 
trum of iron atoms added to a hydrogen-oxygen flame.’ 
Here the intensity distribution in the emission spectrum 
corresponds to a temperature of 2,845° K. The tem- 
perature determined from the emission spectra of OH 
radicals in the flame is 2.770° K, which is also the 
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temperature determined from the corresponding ab- 
sorption measurements. The temperature calculated 
from the known energy release in the flame is 3,100° K. 
The ap proximate agreement of these values indicates 
that the flame is essentially in equilibrium, that the 
several groups of energy levels have interacted strongly 
enough to come to the same te mperature. Here the 
observed distributions do not depend on the details of 
the excitation process. 





In studies of the combustion process, the hydrogen- 
oxygen flame (left) and acetylene-oxygen flame (right) 
were observed at atmospheric pressure. The bright 
inner cone of the acetylene flame is due to excitation of 
abnormally large amounts of free radicals containing 
carbon. 


No Interaction 


A second, quite different type of behavior is found 
in observing the OH radical emission spectrum in the 
reaction zone of an acetylene-oxygen flame.2 Under 
certain conditions, observations reveal an abnormal 
rotational distribution in the electronically excited 
state, corresponding to a temperature approaching 
10,000° K. However, the heat released in burning is 
sufficient to produce an equilibrium temperature no 
higher than 2,000° K. Results of this kind have been a 
puzzling contradiction for some time, since molecules 
that have such an excess of rotational energy are known 
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to lose this excess quickly in collisions with other sas 
molecules at a lower temperature. Why there seem. to 
be no interaction between the abnormally popul: ied 
rotational levels and other groups of energy level- in 
the system has not been understood. 

This contradiction has now been resolved by the 
following considerations.*** The observed electroni- 
cally excited OH molecules are originally formed \ ith 
a large excess of rotational energy. If this excess i- to 
show up in the spectrum, the molecules must radiate 
before they have undergone enough collisions with 
other molecules in the Glaine gases to ‘bring their energy 
back to normal. A study of the fluorescence of these 
OH radicals flames has shown that this electronic 
excitation energy is lost at almost every collision. so 
that the exc ned molecules do not live long enough in 
the flame to undergo the number of ¢ ollisions appr 
imately 10—which are necessary to affect their rota- 
tional energy. Changing conditions in the flame cannot 
change the distribution unless they affect the excitation 
process itself. 

In the experiments bearing on this point, an acety- 
lene-oxygen flame, burning at a few thousandths of an 
atmosphe re pressure, is illuminated by an intense source 
of light. This light is absorbed by the OH radicals in 
the burnt gas. If there were no deactivating collisions, 
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Schematic diagram showing the burner used to produce 
low-pressure flames for combustion studies. 
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ENERGY LEVEL 


FROM WHICH LINE IS EMITT 


Distributions of OH emission line intensities in two elec- 
trical dicharges. The agreement between calculated 
equilibrium curves (solid lines) and intensity measure- 
ments (experimental points) is shown. 


all of the light absorbed would be reradiated as tluores- 
cence. However. the fluorescence is found to be much 
weaker than expected. Therefore. most of the energy 
is lost in deactivating collisions which must have a high 
efliciency. 


Partial Interaction 


In the third possible type of behavior, the interaction 
between the several groups of energy levels is only par- 
tial. rather than being almost comple te as in the hydro- 
gen-oxygen flame. or nonexistent as in the abnormal OH 
spe ctrum mentioned above. In this intermediate case. 
the distribution of molecules in the accessible energy 
levels, and therefore the apparent temperature, is af- 
fected by molecular collisions. These collisions tend 


Spectrum for CN radical emission. 
Changes in rotational temperature a 
are seen most clearly in the region 

3876 to 3884 A, particularly in the 

lines at longest wavelength. ‘The in- 

crease in vibrational temperature is 
indicated by the appearance of 

second system of lines, arising from B 
a higher vibrational level, in’ the 

region 3865 to 3871 A. (A) Flame 

of atomic nitrogen and methylene 
chloride showing lines of abnormal 

intensity but with a low-rotational 
“temperaiure” near room tempera- 

ture. (B and C) Discharge of ben- Cc 
zene and nitrogen in an excess of 
argon showing low-rotational “tem- 
perature” and high-vibrational 
“temperature”, (D)_ Acetylene- 
oxygen flame at atmospheric pres- 
sure showing rotational and vibra- 
tional equilibrium at the flame 
temperature. ' » | 


o 
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to adjust the observed distribution to a form consistent 
with the distributions in other groups of energy levels 
and with the total energy content of the system. A 
theoretical treatment of certain processes of this type 
has recently been completed ° and relevant experimental 
data have been obtained from atomic flame and after- 
glow systems.""* Obtaining such data is complicated 
by the difficulty in distinguishing between changes in an 
observed distribution due to changes in the excitation 
process, and changes in the distribution due to collisions 
following excitation. With these problems in mind, 
studies are being made of the spectra emitted when ni- 
trogen atoms react with nitrogen and oxygen molecules, 
and with simple organic molecules. Such studies have 
shown, for example. the rotational distribution of elec- 
tronically excited CN radicals to be so strikingly af- 
fected by pressure increases that only at high pressures 
can a well-determined temperature be assigned to this 
group of energy levels. 


* Spectroscopic study of electronic flame temperatures 
and energy distributions, by H. P. Broida and K. E. 
Shuler, J. Chem. Phys. 27, 933 (1957). 

“Rotational temperatures of diluted flames, by W. R. 
Kane and H. P. Broida, J. Chem. Phys. 21, 237 (1953). 

Fluorescence and average lifetime of OH*S* 
by H. P. Broida, and T 


2202 (1955). 


in flames, 
. Carrington, J. Chem. Phys, 23, 
‘Electronic quenching of OH*S* in flames, and its 
significance in the interpretation of rotational relaxation, 


by T. Carrington (to be submitted to J. Chem. Phys.). 
*Studies on nonequilibrium rate process. I. The 


relaxation of a system of harmonic oscillators, by E. WF. 
Vontroll and K. E. Shuler, J. Chem. Phys. 26, 454 
(1957). 

“Spectra of afterglows and discharges from nitrogen 
oxygen mixtures, by U. H. Kurzweg, A. M. Bass, and 
H. P. Broida, J. Mol. Spec. 1, 184 (1957). 

Emission spectra from mixtures of atomic nitrogen 
and organic substances, by N. Kiess and H. P. Broida 
(to be delivered at Seventh International Symposium on 
Combustion, London, England, Aug. 1958) 
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ioh-Tem perature 


Strain Ga Les 


PROGRAM aimed at improving existing strain 
fA vages and developing new types for high-tempera- 
ture use is being carried on in three laboratories at 
the Bureau under the sponsorship of the Navy. Air 
Force, and Atomic Energy Commission. The work 
includes the improvement of ceramic-bonded gages. 
the development of strain-sensitive evaporated film 
gages. and the evaluation and calibration of presently 
used and proposed strain-measuring devices. 

Strain gages are required to determine the suita- 
bility of structural materials for high-temperature 
ipplications. Such characteristics as strength, dura- 
bility. and dimensional stability are of critical impor- 
tance in aircraft engines. aircraft and missile airframes 
subject to aerodynamic heating. and certain types of 
nuclear reactors and reactor coolant systems. The 
measurement of strain in such structures not only pro- 
vides the engineer with knowledge of the performance 
characteristics of the structure. but also gives informa- 
tion of value for improving the design. At present. 
gages are urgently needed to perform. satisfactorily 
up to L,000° F, and in the near future instruments for 
use up to 2,000° F will be in demand. These gages 
must be suitable for both static and dynamic tests on 
a wide range of different materials under both steady 
and transient temperature conditions. They should 
also be capable of measurements under field conditions. 












































Spot-welding strain-gage elements to a ceramic-coated 
asbestos backing. 
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Strains at or near room temperature are usual! 
measured with paper-backed. wire-resistance gages «| 
the SR-4 type. The gages are cemented to the stru 
ture with an organic resin. When a load is applic: 
the wire filament of each gage is deformed by appro 
imately the same amount as the surface to which it is 
cemented. This deformation results in a change in 
electrical resistance of the wire filament. A knowledge 
of gage characteristics permits such changes to be con- 
verted to strain. The maximum temperature at which 
the paper-backed gage will operate is about 350° PF. 
\bove this temperature. the organic cements deteri- 
orate and will no longer transmit the full amount of 
strain to the filament wire. 















































Top: Strain-sensitive film deposited directly on a non- 
conducting portion of a test strip. Bottom: Ceramic- 
coated  asbestos-backed gage  (filament-side down) 
bonded to test strip with ceramic cement. 


For high-temperature applications. the Bureau is 
attempting to solve this deterioration problem in two 
ways: by modifying the usual type of resistance strain 
gage through use of ceramics in place of organic 
materials: and by developing a gage which, in one 
form, eliminates cements by employing directly de- 
posited conducting films instead of wires. 


Ceramic-Bonded Gages 


The work on ceramic-bonded gages has been under- 
way in the enameled metals laboratory for the past 
three years. under the joint support of the Navy Bu- 
reau of Aeronautics, the Wright Air Development 


Center, and the Navy Bureau of Ships. From this 
investigation has resulted a new gage. called the 5B 
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de-ign. which gives usable static-strain data up to 
80° F. Developed by D. G. Moore and J. W. Pitts 
of the Bureau staff. this device is now commercially 
avilable. 

ihe gage consists of two straight wires. 0.001 in. in 
dixsmeter by “x in. in length. welded to narrow strips of 
Inconel foil. 0.002 in. thick. The Inconel strips, which 
form the leads and shunt at the bottom of the gage. are 
crimped to a backing of asbestos paper previously 
coated with a thin layer of ceramic cement. When the 
gave is used. it is cemented to the surface of the test 
structure with the same ceramic cement. No precoating 
of the test surface is necesary. The wet cement does 
not completely flow out from under the Inconel strips 
when the gage is pressed into position: hence. there is 
no electrical shorting to ground. Measurements have 
shown that the filament wires are from 0.001 to 0.002 
in. from the test surface after the gage has been applied. 


Left: A strain-sensitive film evaporated on a foil founda- 
tion between electrical contacts. Right: The underside 
of a ceramic-coated asbestos-backed gage. 


One advantage of the device is that it is completely 
prefabricated and therefore can be attached to many 
recessed areas of the test structure. Most commercial 
gages are mounted on a resin backing and this backing 
must be removed before the gage is imbedded in the 
ceramic cement. This requires considerable skill on 
the part of the operator. Such gages also require that 
a ceramic precoat be applied to the metal. 

lhe maximum temperature at which the 5B gage is 
usable is limited by the decrease in resistance stability 
of the wires with temperature and by loss of resistivity 
in the ceramic cements. To extend the upper range of 
temperature, attention is being focused on cements that 
show higher electrical resistivity at high temperatures. 
\ cement has recently been developed which has im- 
proved properties in the range 1.400° to 1,800" F. 
Ceramic coating of the alloy filament is also being in- 
vestigated both to improve resistance stability of the 
wire and to aid the insulating cements in preventing 
electrical leakage to ground. 
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This apparatus for controlling the temperature of a 
vertically-strained specimen is used in the development 
of evaporated-film strain gages. 


Strain-Sensitive Film Gages 


Another approach to the development of a high- 
temperature strain gage is being made by A. Krinsky 
and his associates in the Bureau’s Mechanical Instru- 
ments Section. The technique under consideration 
involves the use of deposited metal or alloy films in 
place of attached filaments as strain-gage elements. 
Investigations of the suitability of such films for use as 
high-temperature strain-gage elements are being 
carried out under a program sponsored by the Atomic 
Energy Commission. 

In the proposed gage. the film will be deposited onto 
a thin nonconducting substrate that can be bonded to 
test surfaces. Alternatively the film may be deposited 
on an area of the test surface that has been rendered 
nonconductive, thus eliminating the use of cements or 
adhesives. Electrical contacts bonded to the test sur- 
face at either end of the film will permit strain measure- 
ments to be made. 

In developing an evaporated film strain gage for use 
at temperatures from 1.000° to 2,000° F, 
tors must be considered. Of prime importance is the 
choice of film material. The film must be strain-sensi- 
tive. capable of adhering to the test surface. and chem- 
ically and physically stable at high temperatures. The 
test surface must be electrically nonconducting. Hf 
gages are to be used within atomic reactors. a further 
restriction is placed on the choice of film and base ma- 
terial. since both must be unaffected by 
radiation. 


several fac- 


nuclear 


135 





AGE FACTOR 


G 


10 102 105 104 105 10® 
R.- OHMS/SQUARE 


Room temperature studies of palladium films used as 
strain gages. Experimental points show the gage factor 
as a function of specific resistance. The straight hori- 
zontal line indicates the bulk gage factor. 


In studies of the resistance-strain properties of films 
evaporated from 22 metals, the Bureau found all films 
to be strain-sensitive. These tests were conducted on 
films deposited on suitable test strips by a 
evaporator. 


vacuum 
The foundations were an anodized alumi- 
num strip coated with silicone resin and having silver 
contacts, and a porcelain-coated steel strip with plati- 
num contacts. The test strip with film gage was 
subjected to strain, and the resistance-strain relation- 
ship determined. 

The strain-sensitivity or gage factor of the test films 
was found to depend strongly on specific resistance o1 
thickness of the film; for the thinner films strain sensi- 
tivities several times those of the bulk material value 
were observed. The relationship between gage factor 
and specific resistance was similar in form for all 
metals tested. Further tests showed that the gage fac- 
tor is a true property of the film. independent of con- 
tact, substrate. or atmosphere effects. 

Although several of the elementary metals gave satis- 
factory resistance-strain curves at room temperature, al 
higher temperatures (starting at 200° F) resistance and 
gage factor were found to decrease. Time also had a 
deleterious effect. By electron microscope and elec- 
tron and X-ray diffraction methods, these property 
changes were seen to result from changes in structure. 

For these reasons, attention was turned to the de- 
velopment of an alloy that would retain its resistance 
properties at elevated temperatures and over long time 
intervals. Satisfactory results up to 750° F (the max- 
imum temperature at which tests have been conducted ) 
have been obtained in preliminary tests with an alloy 
film evaporated ii: a mixture of iron, aluminum, and 
titanium powders. 

In addition to strain-sensitivity and durability, ma- 
terial suitability depends on factors such as resistance- 
strain stability, reversibility. and linearity. Some 
drift, hysteresis. and nonlinearity were noted in all 
resistance strain curves for elementary metals. How- 
ever, the alloy appeared to be stable under all test 
conditions. 

Before evaporated-film gages can be applied directly 


to structural test surfaces. some means of adequate 


bonding between contacts and insulating coatings must 
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be developed. Transferable film gages on foil four 
tions have been produced and found suitable for 
with organic cements up to 450° F. However, los: 
shear strength of the cement limits their use at | 
temperature. Ceramic cements do not as yet offe 
solution to the problem as they do not cure prope 


when confined between the two nonporous surfaces 


Strain-Gage Evaluation 


Since resistance strain gages cannot be individua 
calibrated prior to use, their usefulness depends up 
the characteristics of the gages being accurately know: 
\t elevated temperatures these gages often a 
deficiencies which are not necessarily predictable. 
which may be serious enough to limit the use ool 
of the gages. To determine the performance chara: 
teristics of available gage types, to define the condition 
under which meaningful measurements may be made 
with the gages, and to point out areas where further 
gage development is needed, an evaluation facility has 
heen established at the Bureau under the sponsorship 
of the Navy and Air Force. Equipment and proce- 
dures designed by the Bureau’s engineering mechanics 
laboratory under the direction of R. L. Bloss and 

H. Melton are now available for the comprehensive 
evaluation of gages at temperatures up to 1.000° F. 
Some of these tests were carried out at temperatures 
up to 1,500° F. Tests include the determination of 
gage factor, resistance drift at elevated temperatures. 
resistance-temperature relationships, the effects of 
transient heating on resistance characteristics. and the 
effects of storing at various humidity levels. 

In obtaining gage factor values. the resistance gage 
is attached to a uniform test strip in a region of con- 
trolled temperature. Change of gage resistance as the 
strip is strained is measured with a Wheatstone bridge 
circuit capable of detecting a relative change of resist- 
ance of 1 part per million. Strain to which the re- 
sistance gage is subjected is measured with an optical 
strain gage which can be read through a window pro- 
vided in the temperature-controlling furnace. After 


il er 


The evaluation of high-temperature strain gages includes 
a determination of gage factor at controtled tempera- 
ture. The strain in a specimen within the furnace is 
indicated by an optical strain gage, read through window. 
The relative change of resistance is measured by a Wheat- 
stone bridge (background). 
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corections for temperature fluctuations, elapsed time, 
ai d instrument calibration are applied to the resistance- 
st ain data, the gage factor is determined as the slope 
o! the curve of relative change of resistance versus 
strain. The departure of the experimental points from 
a straight line shows the nonlinearity of gage response. 
Hysteresis and zero shift are also shown ‘by data taken 
during increasing and decreasing loading. 

The determination of change of gage resistance with 
time at elevated temperatures is necessary since such 
drift can cause serious error in static strain measure- 
ments. To determine drift, a gage attached to a stain- 
less steel test strip is inserted into an oven preheated to 
he desired test temperature. When the test strip has 
come to the oven temperature, the apparent strain indi- 
cated by the gage is noted at frequent intervals for at 
least 1 hr. Such drift measurements have been made at 
temperatures up to 1,200° F. 

To apply corrections for temperature fluctuations 
during gage factor and drift tests, temperature coefhi- 
cients of resistance are required. These values have 
been obtained by causing the temperature of the gage to 
increase a few degrees and to decrease a similar amount 
while the resistance change is noted. The temperature 


coefficient can be obtained from simultaneous equations 
involving resistance change, temperature, and time. 
This method assumes that temperature coefficients and 
drift rates are constants and therefore independent of 
small temperature variations, of direction of tempera- 
ture change, and of time. Since these assumptions may 


Vacuum evaporator used to prepare evaporated-film 
Strain gages. The substrate for the film is suspended 
directly above a boat containing the metal to be de- 
posited. Here the powdered metal is being put in a 
tube leading to the boat. 


July 1958 


Measuring resistance of high-temperature cements. 
Temperature of the cement, in the cylindrical furnace 
(upper left), is controlled by the variable autotrans- 
former (left), and indicated on the instrument in fore- 
ground. Cement resistance is read from meter on shelf. 


not always be valid, temperature coefficients are also 
determined as the slope of a line drawn tangent to the 
resistance-temperature curve at the temperature under 
consideration. Curves recorded during heating rates of 
about 5° F/sec serve as a basis for these determinations. 

Because many of the uses for high-temperature strain 
gages involve transient heating, a ‘study of the effect of 
rapid temperature changes on the performance char- 
acteristics of the gages is conducted. Gages are sub- 
jected to repeated heating and cooling between 80° F 
and 1.500° F at rates of about 60°F /sec. Two banks of 
radiant heaters provide the heat; an air stream from a 
centrifugal blower accomplishes the cooling. During 
such temperature cycles, the relative change of resist- 
ance of the gage is recorded as a function of the test 
strip temperature. 

To determine the effects of storage at different 
humidities, gages in three conditions—as_ received 
from the manufacturer, imbedded in uncured cement, 
and imbedded in cement and cured—are placed in 
closed containers with saturated salt solutions that pro- 
duce atmospheres with relative humidities of about 12, 
55, and 93 percent. The resistance of each gage is 
then measured at suitable time intervals, and the 
change of resistance is taken as evidence of the detri- 
mental effects due to storing. 

No gage as yet developed is entirely suitable for use 
at elevated temperatures. However, work on the im- 
provement of existing gages and the development of 
new gages promises to extend measurements into the 
high-temperature region. In the meantime, a knowl- 
edge of characteristics of presently av ailable gages, as 
provide sd by the Bureau’s evaluation center, may make 
possible meaningful strain measurements at intermedi- 
ate temperatures. 


* A facility for the evaluation of resistance strain gages 
at elevated temperatures, by R. L. Bloss, ASTM Sym- 
posium on Elevated Temperature Strain Gages, Special 
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HE Bureau is conducting a program on_high- 
temperature standard samples at the request of the 
Navy Bureau of Aeronautics and the Wright Air De- 
velopment Center. Standards for both spectrometric 
and chemical analyses are being prepared to cover the 
composition ranges of 17 commercial types of high- 
temperature alloys. Research on new and improved 
methods of analysis is also underway, to insure accurate 
analysis of the standards and optimum conditions for 
their application in other laboratories. 


The Bureau now distributes over 550 standard sam- 
ples of chemicals, metals, and other materials to in- 
dustrial and research laboratories for use in instrument 
calibration and process control. 
advances in jet aircraft, rockets. and guided missiles 
have brought about a need for additional standard 
samples to aid in controlling the composition of alloys 
that can withstand the high temperatures encountered 
in these applications. 


However, recent 


Such alloys are composed of heavy elements in a 
variety of compositions. The principal alloying ele- 
ments are iron, nickel, and cobalt in various propor- 
tions, to which may be added lesser amounts of carbon. 
manganese. silicon, chromium, molybdenum, tungsten, 
In addition to the 


major alloying elements. the minor or trace elements 


niobium, titanium. and aluminum. 
present in the alloys, such as boron or zirconium, may 
have marked effects on their properties. 
Control of composition of the individual 
within narrow limits is important to their 
and successful end use. 


alloys 
fabrication 
However. because of the com- 
plexity of the alloys, chemical analyses are difficult and 
time consuming. On the other hand, optical and X-ray 
spectrometric methods offer considerable promise for 
rapid analysis provided that suitable standard samples 


of known composition are available for calibration of 


Standard Samples of Hi gh- T emperature Alloys 


the spectrometers. The spectrometric standards now 
being prepared should meet this need. 

Both the os ery of Defense and industr al 
groups have assisted in selecting the types of all: 
needed for standards mal the priority with which th: 
should be prepared. As the result of meetings which 
the Bureau held with interested groups on June | 
1956, and November 19. 1957, a series of 23 spectro- 
metric standards of high-temperature alloys was 
selected for issuance, and production was begun. TT! 
alloys and nominal compositions to be covered by the 
proposed spectrometric standards are listed in table |. 
A chemical standard sample for Waspaloy is also being 
prepared in the form of chips. Its nominal composition 


, 


is as follows: C, 0.07; Cr. 19.0; Ni, 58.0; Co, 14.0: 
Mo, 4.0; Ti, 3.0; Al, 1.25; Mn, 0.5; Si, 0.25; Zr, 0.07 
and B, 0.004 percent. 

Standards for six of the alloys in table 1 (Nos. |. 


5. 6, 7. 12. and 17) have been prepared at the Bureau 
by remelting and casting commercial heats under 
argon. The six standards have been further processed 
at the Naval Gun Factory by forging into rectangular 
slabs. removing the center and end sections, and fab- 
ricating the remaining sections into rods. After homo- 
geneity tests, the standards will be analyzed chemically 
and certified as NBS standard samples. A similar 
procedure will be followed for the remaining stand- 
ards except that melting and fabrication will be done 
largely through commercial facilities. 

In connection with these standards. methods of 
X-ray and optical spectrometric analysis are being 
investigated to provide for rapid tests of homogeneity 
and for determination of composition, especially for 
the minor and trace constituents. Also, improved 
chemical methods are being developed for the analysis 
of the \ — types of high- -temperature alloys listed 
in table 





Taste l. Proposed spectrometric standards of high-temperature alloys 
Nominal chemical composition, percent Num 
ber of 
stand 
Name of alloy ard 
Cc Mn Si Cc Ni Co Mo W Nb ri Al Fe Other pro 
pose 1 
1, ATST 3164 0.10 2.0 b1.0 7 12 2.5 balance ; 1 
2. A-28H 05 1.35 0.50 15 2 1. 25 2.0 balance 0.3V 3 
3. M-308 4 3 33 3.0 6.4 2.0 0. 35 balance 20Z1 1 
4. Incoloy 901 05 0 35 3 10) 6.0 2.5 20 balance 1 
5. 16-25-t b. 0S 1.3 | 70 6 25 6.0 50 1 
6. 19-9DL_-. 30 1.10 ) 19.0 9.0 1,25 > 0. 40 0. 30 66 1 
7. N-155 15 1.5 21 20 20 3.0 2 1.0 balance .15N l 
8 M-252 215 0. 50 A) 9 55 10.0 10.0 2.5 1.0 2.0 1 
9, GM R-235 1 b 25 b 60 15.5 balance 5. 25 2.0 3.0 10 06OB 1 
10. Hastelloy W b.12 b1.0 b1.0 5.0 balance 2 24.5 5.5 b. 6 1 
11. Hastelloy X 15 22 45 9 balance 1 
12. Inconel **X"’ 550 OF 0.7 0.4 5 73 0.9 2.4 0.9 7 1 
13. Inco 713__.. ot? 15 j 13 balance 4.5 2.25 0.6 6.0 1.0 3 
14. Waspaloy 07 7 4 9 56 14 4.3 3.0 1.3 1 3 
15. S-S816_- 3s 1. 20 10 20 20 balance 4.0 4.0) 4.0 4 l 
16. L-605 15 1. 50 (0) 20 10 balance 15 ] 
17. Nimonic 80A‘ a b1.0 b1.0 9.5 balance 2.0 2. 25 1. 25 65.0 1 
- © 
* Stainless steel. 
b Maximum. 
¢ British alloy. 
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Emission and Absorption Studies of Hydrocarbon 
Combustion Products 


jes Bureau has made a spectroscopic study of the 
infrared radiation from combustion gases under the 
sponsorship of the Wright Air Development Center. 
This work was done by G. A. Hornbeck and L. 
Olsen of the combustion controls laboratory to provide 
information that may make possible the measurement 
of jet-engine and gas-turbine exhaust temperatures. 
Ultimately such data should aid in the development 
of a flight-type radiation pyrometer to indicate and 
control the te mperature of the hot gases that form the 
working medium for jet engines. 

Under limited conditions, thermocouples can be used 
successfully to measure exhaust gas temperature and 
to operate the necessary control devices. However, in 
the afterburner of the newer aircraft engines. mass 
flows and exhaust temperatures are so high that no 
immersion-type instrument will survive in the stream. 
Temperature must therefore be determined from some 
property of the exhaust, measured by an instrument 
outside of the gas duct. Such an instrument could 
be a radiation pyrometer, which can “sense” gas tem- 
perature from the radiation characteristics of the hot 
products of combustion. 

Radiance methods of temperature measurement de- 
pend upon Planck's distribution and Kirchhoff’s radi- 
ation law. Planck’s law relates the intensity of radiant 
energy from a blackbody to wavelength and te mpera- 
ture: Kirchhoff’s law implies that the emissivity and 
absorptivity are equal at the same wavelength and 
temperature. Thus the two parameters, radiant energy 
and absorptivity. should be sufficient to define a gas 
temperature. However, measuring both absorptivity 
and intensity is often imprac tical. An alternate method 
for use with the jet engine pyrometer is suggested by 
the fact that certain spectral intervals exhibit fairly 
constant absorptivity even though temperature . 
varied. Thus in these regions, measurements of i 
tensity only may be used to determine temperature on 
the basis of a previous intensity-temperature calibra- 
tion for the spectral interval. 
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SPECTROMETER 


Apparatus used in study of jet-engine exhaust radiation. 


(A) Collimator; (B) and (C) sapphire windows; (D) 
globar; (E) radiation thermopile; and (F) choppers. 
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The present study of the emission and absorption 
characteristics of exhaust gases suggests the feasibility 
of such a_ temperature determination. Within the 
spectral range of interest, 1 to 5 », the optimum wave- 
length intervals were selected, and intensity variations 
under different conditions were investigated. 

In this study, jet engine conditions were simulated 
by the use of a combustor producing a high-velocity 
exhaust stream in the te mperature range from 600° to 
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Typical emission intensities for jet-engine exhaust gases 
in the spectral region 4.1 to 4.9 u for temperatures from 


2,730° to 3,535° F. 


3.500° F. The spectra from the exhaust gases were 
obtained with the spectrometer and globar source lo- 
cated on opposite sides of the exhaust gas stream in 
order to permit both emission and absorption meas- 
urements. This arrangement necessitated the use of 
two mechanical choppers. When absorption measure- 
ments were made, only the chopper between the globar 
and the hot gas was active; when emission measure- 
ments were made, only the chopper between the gas 
stream and the spectrometer was active. 

To locate the particular wavelength and spectral 
intervals where radiation is important, the entire range 
from 1 to 5 » was scanned at various temperatures. 
From these observations, certain parts of this spectrum 
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were selected for more detailed investigation. First, 
radiation was monitored over the temperature range 
1,000° to 3,600° F at 8 wavelengths: 1.34, 1.41, 1.8 
1.93, 2.52, 2.55, 2.70, and 4.39 ». Then the radiation 
changes occurring within 2 intervals, 2.3 to 3.4 » and 
4.1 to 4.9 », were determined as a func Sion of tempera- 
ture. Within the first interval, radiation is emitted 
predominantly by water vapor, within the second 
mainly by carbon dioxide. 

In the course of this work, data were also obtained 
on the effect of factors such as fuel-air ratio, mass flow. 
pressure, optimum time constant, optical path length, 
and background radiation. The results of these de- 
terminations indicate that gas-temperature monitoring 
would be most feasible in the spectral interval 4.1 to 
4.9 » since the requirement of large and fairly con- 
stant absorptivity is fulfilled in this region. As this 
radiation is from carbon dioxide molecules, a pyrom- 
eter might be designed around a carbon dioxide selec- 
tive receiver. Evaluation of this type of receiver is 
now underway at the Bureau. 


Typical absorption intensities for jet-engine exhaust 
gases in the spectral region 4.1 to 4.9 for temperatures 
of 2,730° and 3,545° F. Absorptivity is seen to be fairly 
constant over the wide te mperature range, 
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International C omparison of Mm gh- -Lemperature 
Standards 


RECISE international comparisons have established 
that the optical pyrometer temperature scales of 
Canada, the United Kingdom, Germany, and the United 


States are in satisfactory agreement. Thus, within these 


countries, all measurements of high temperatures now 
have a common basis, and the results obtained in one 
laboratory should be comparable with those of another. 
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Above 1,063° C (the freezing point of gold) optical 
pyrometers are the standard instruments used to meas- 
ure the brightness temperatures of incandescent bodies. 
This measurement consists of visual comparison of a 
portion of the radiation from the hot body with that 
emanating from an incandescent lamp filament con- 
tained in the pyrometer. The standard optical pyrom- 
eter is calibrated by determining the pyrometer lamp 
current which corresponds to a ar" brightness tem- 
perature. This is done at 1,063° C by comparing its 
brightness with that from a hollow body (blackbody) 
surrounded by freezing gold. Higher temperatures are 
calculated from Planck’s radiation equation utilizing 
measured brightness ratios. 

Because the specially constructed optical pyrometers 
used as standards are not readily portable, it is not prac- 
tical to send them abroad for international intercom- 
parisons. However, it has been found that tungsten 
strip lamps, when used under rigidly controlled condi- 
tions, afford a means of reproducing brightness temper- 
atures up to 2.300° C with a precision comparable to 
that attained with standard pyrometers. 


Optical pyrometer (right), standard instrument for 
measuring temperatures above 1,063° C, is used to cali- 
brate the brightness of a tungsten strip lamp (left). 
Scientist shields pyrometer during the reading to avoid 
error due to extraneous light. 
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Pré paring for calibration of commercial optical pyrom- 
ete- (center) using the standard pyrometer. Because 
the brightness temperature is influenced by the angle 
at which the observations are made, both instruments 
face the light source at the same angle. 


n November 1955, both the National Bureau of 
Standards and the Physikalisch-Technische Bundesan- 
stult. the national standards laboratory of Germany, 
CO ay oe the calibration of two tungsten strip lamps, 

wh laboratory comparing the lamps against its stand- 
ard optical pyrometer. The results revealed a syste- 
matic difference, varying from 7° at 1.100° C to 20 
at 2,500° C, between corresponding values obtained at 
the two laboratories. Inasmuch as the National Bu- 
reau of Standards normally certifies the calibration of 
np ge strip lamps to 3° at 1,100° C and to 7° at 

300° C, the discrepancy between the German and the 
yee ‘rican values caused some concern. 

In 1956 a new primary calibration of the Bureau’s 
standard pyrometer was pe ‘rformed, and the techniques 
used in the primary calibration and in the calibration 
of strip lamps were carefully investigated. Some minor 
changes in the lamp calibration values resulted, but these 
effects were very small compared to the discrepancy. 

\rrangements were then made for an intercompari- 
son of a group of calibrated tungsten strip lamps be- 
tween the National Research Council of Canada and the 
National Bureau of Standards. Two of the Canadian 
lamps included in this exchange had previously re- 
ceived a routine calibration at the National Physical 
L iodide in England in addition to the Canadian cal- 
ibration. These interc omparisons among the three na- 
tional laboratories, completed in April 1957, had 
standard deviation of only 1.2° C for 90 points in the 
range from 800° to 2.200° C. 

When these results were reported to the Physikalisch- 
Technische Bundesanstalt, the discre pancy was finally 
resolved. It was found that a new ceramic hollow body 
used as a blackbody in the German laboratory’s primary 
pyrometer calibration had not completely fulfilled 





blackbody conditions, This was recognized by the Ger- 
man laboratory shortly after the German inte rcompari- 


sons, but the National Bureau of Standards did not 
receive this information until further tests had been 
completed. The resulting error in the pyrometer cali- 
bration had caused the apparent systematic error in the 
German-American intercomparison of tungsten strip 
lamps. Correction of this error has now brought about 
satisfactory agreement between the optical pyrometer 
portions of the International Temperature Scale as 
maintained in the four countries. 
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Metallurgical Conference 


\ ORE than 100 representatives of Government and 

industry attended the Bureau’s annual metallurgi- 
ca! conference held at its Washington laboratories on 
April 29, 1958. Six technical papers. representative 
of current work in the metallurgical laboratories, were 
presented during the 1-day meeting. 

lhe Metallurgic al Conference has been an annual 
event since 1913, with the exception of the war years. 
Its purpose is to keep science and industry informed 
of the Bureau’s progress in the study of the structure, 
behavior, and properties of metals and alloys. This 
research program is directed toward a better under- 
standing of the properties of existing metals and the 
development of new or improved metals and alloys to 
meet new applications or to give better performance. 

A. V. Astin. NBS Director. opened the eae 
He briefly outlined the Metallurgy Division's role i 
helping the Bureau attain its scientific and tec iakek 
cal objectives. Next on the program was James I. 
Hoffman, chief of the division, who announced the 
recent establishment of a metal physics laboratory, 
necessitated by the current emphasis on solid-state 
physics and the high-temperature properties of metals 
and alloys. Research has been initiated on such prob- 
lems as nuclear magnetic resonance and mechanism 
and rate of growth of ¢ ‘rystals from vapor. 

In the first of the technical papers, W. J. Ambs dis- 
cussed the reaction of atomic oxygen with metal single 
crystals. He related the results of an investigation on 
the rate and mechanism of reaction of copper with 
oxygen atoms. This study is part of a comprehensive 
program on free radical research. Preliminary ex- 
periments indicate that some attack occurred at 4°K 
and that the resulting product was a solid at room 
temperature. Mr. Ambs also described an optical 
method for measuring film thickness and optical con- 
stants on metal surfaces. 

J. J. Park reported on the establishment of the equi- 
librium phases in the magnesium-zine system. This 
study has clarified a previously existing uncertainty in 
the region of 45 to 85 weight percent of zinc, and has 
confirmed the existence of the Mg-Zn,, MgZn, and 
Mg.Zn, phases. 

R. L. Parker discussed the growth of metal crystals 
from their vapor and the role of screw dislocations in 
the mechanism of crystal growth. Very little quantita- 
tive information is available on the rate of erowth of 
metal crystals under controlled conditions at low and 
well-defined supersaturation of metal vapor. Mr. 
Parker described experimental techniques for measur- 
ing these rates during the growth process. 

\ paper on the twinned epitaxy of copper on copper 
was given by T. H. Orem. X-ray diffraction studies 


New equipment on display during the metallurgical con- 
ference included this ellipsometer recently acquired for 
studying corrosion reactions on the surfaces of metal 
single crystals. Instrument measures thickness of the 
thin films that form on a metal surface as it corrodes. 
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of copper electrode ‘posite ‘d on monocrystalline copper 
indicated that the microstructure of the de ‘posit a 
duplicated the orientation of the basic metal or had 
both a continued and twinned relationship wih it. 
Mr. Orem gave a detailed description of the growth and 
relationship of the deposit to the orientation of the 
underlying structure. 

H. C. Burnett reported the results obtained in evalu- 
ating the torsional-fatigue properties of small-diameter 
high-carbon steel wire. The properties of the wire 
processed from both commercial and vacuum-melted 
heats—in the initial conditions as cold drawn and as 
heat treated were evaluated in three different types of 
tests. Cold working. heat treating. and vacuum melting 
materially improved the wire’s torsional fatigue prop- 
erties. Results obtained with a recently developed 
torsion-fatigue machine and from fatigue tests on 
compression springs were in close agreement. 

The progress made in evaluating materials for ultra- 
precise gage blocks was summarized by M. R. Meyerson. 
This work is part of a cooperative program ' designed 
to produce gage blocks that are accurate to 1 part in ten 
million. An ideal material would be dimensionally 
stable. resistant to wear and to atmosphere and finger- 
print corrosion, capable of acquiring an extremely fine 
surface finish. and have a coefficient of expansion simi- 
lar to that of the material being gaged. Mr. Meyerson 
described the materials, processes, and treatments un- 
der investigation. He then indicated that quite promis- 
ing preliminary results have been obtained in nitriding 
initially anne saled blocks of 410 stainless steel. In tests 
thus far made on these blocks they appear to possess 
most of the properties required to produce gage blocks 
of the desired precision. 


* Because of the urgency of this work, appropriated 
funds available for the program have been supplemented 
by grants from the following industrial firms: Dearborn 
Gage Co., The DoAll Co., E.1. du Pont de Nemours & Co., 
Fonda Gage Co., Inc., General Electric Co., Greenfield 
Tap and Die Corp., Hughes Aircraft Co., International 
Business Machines Corp., Link Aviation, Inc., Pratt & 
Whitney Co., Inc.. The Sheffield Corp... The Tait-Peirce 
Manufacturing Co., The Timken Roller Bearing Co., and 
the Van Keuren Co. 
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